Prp8 is the largest and most highly conserved protein in the spliceosome yet its mechanism of function is poorly understood. Our previous studies implicate Prp8 in control of spliceosome activation for the first catalytic step of splicing, because substitutions in five distinct regions (a-e) of Prp8 suppress a cold-sensitive block to activation caused by a mutation in U4 RNA. Catalytic activation of the spliceosome is thought to require unwinding of the U1 RNA͞5 splice site and U4͞U6 RNA helices by the Prp28 and Prp44͞Brr2 DExD͞H-box helicases, respectively. Here we show that mutations in regions a, d, and e of Prp8 exhibit allele-specific genetic interactions with mutations in Prp28, Prp44͞Brr2, and U6 RNA, respectively. These results indicate that Prp8 coordinates multiple processes in spliceosome activation and enable an initial correlation of Prp8 structure and function. Furthermore, additional genetic interactions with U4-cs1 support a two-state model for this RNA conformational switch and implicate another splicing factor, Prp31, in Prp8-mediated spliceosome activation.
T he removal of introns from nuclear pre-mRNA is catalyzed by a macromolecular complex called the spliceosome, which consists of five RNAs (U1, U2, U4, U5, and U6) and more than 70 proteins. Pre-mRNA splicing is thought to be RNA-catalyzed and involves two transesterification reactions (1) . The accuracy and efficiency of splicing is achieved by means of a high degree of regulation, imposed by a complex series of protein-protein, protein-RNA, and RNA-RNA interactions. The spliceosome either assembles on the intron by way of stepwise recruitment of the constituent small nuclear ribonucleoproteins, each containing one RNA and several proteins (2) , or a fully assembled spliceosome binds the intron as a unit (3) . After the complete spliceosome has engaged an intron, it must undergo extensive conformational rearrangements to become catalytically active. Early steps in catalytic activation include unwinding of the U1 RNA͞5Ј splice site helix and unwinding of the U4͞U6 helices (Fig. 1 ). These unwinding events are thought to be catalyzed by two DExD͞H-box RNA helicases, Prp28 (4, 5) and Prp44͞Brr2 (6) (7) (8) , respectively.
We identified a cold-sensitive mutation in U4 RNA, called U4-cs1, which blocks catalytic activation at low temperature (9, 10) . U4-cs1 has a triple nucleotide substitution that extends the U4͞U6 base-pairing, thereby masking the ''ACAGA'' sequence in U6 RNA that base pairs with the 5Ј splice site when U1 RNA is displaced (Fig. 1) . We proposed that in the absence of proper U6 RNA͞5Ј splice site pairing, U4͞U6 RNA unwinding is inhibited. In support of this hypothesis, a cold-sensitive mutation in PRP44͞BRR2 (brr2-1) exacerbates (enhances) the U4-cs1 mutation (11) .
A selection for suppressors of the cold-sensitive growth defect of U4-cs1 yielded a mutation in the highly conserved 280-kDa splicing factor Prp8 (10). Prp8 is a U5 RNA-associated protein that contacts both the 5Ј and 3Ј splice sites of the intron (12) (13) (14) (15) as well as U6 RNA (16) . Prp8 has been implicated in regulation of the second transesterification reaction (17) (18) (19) (20) ; our results suggest that Prp8 also functions in the first catalytic step of splicing. Although Prp8 is two-thirds identical between yeast and humans (21) , it contains no recognizable structural motifs. To define domains important for the function of Prp8 in catalytic activation for the first transesterification reaction, we isolated over 40 additional single amino acid substitutions in Prp8 that suppress U4-cs1 (11), here collectively called prp8-cat mutations, because of their positive effect on catalytic activation. These mutations cluster in five regions named a-e (see Fig. 4 ) and are distinct from mutations in Prp8 that suppress defects in the second transesterification reaction.
We hypothesized that Prp8 regulates spliceosome activation by modulating RNA helicase activity (11) . In particular, any mutations in Prp8 that disrupt putative negative regulation of Prp28 or Prp44͞Brr2 should act to suppress U4-cs1 (Fig. 1) . This hypothesis is supported by results from other labs. An unidentified mutation in Prp8 was shown to suppress a mutation in the helicase domain of Prp28 (22) , and Prp8 interacts both physically and genetically with Prp44͞Brr2 (23, 24) . Furthermore, Prp8, Prp28, and Prp44͞Brr2 are all associated with U5 RNA (25, 26) .
Here we show that U4-cs1 also interacts genetically with a cold-sensitive mutation in PRP28 (prp28-1) and with the U6-UA mutation, which hyperstabilizes the 3Ј intramolecular stem of U6 RNA (27) . The pattern of enhancement and suppression further supports the two-state model for the early stages of spliceosome activation illustrated in Fig. 1 . Strikingly, U6-UA, prp28-1, and brr2-1 each exhibit genetic interactions with distinct prp8-cat mutations, and in each case the interactions are opposite in sign to their interactions with U4-cs1. This result suggests that prp8-cat mutations suppress the U4-cs1 block to activation by at least three different mechanisms, by using distinct regions in the primary structure of the protein. A targeted selection for suppressors of brr2-1 defined a 42-aa region of Prp8 that influences Prp44͞Brr2 function. In addition, we identify Prp31 as another potential target of Prp8 regulation, based on its enhancement of U4-cs1. Altogether, our results imply a remarkably high density of functional domains in Prp8. (27) , the strains were first transformed with YCp50-PRP8, and Ura ϩ colonies were then transformed with a prp8⌬::ADE2 fragment (10). Colonies were selected on medium lacking adenine and then tested for 5-fluoroorotic acid (5-FOA) sensitivity, which indicates that YCp50-PRP8 has become essential as a result of deletion of the chromosomal PRP8 locus. Screen for Mutations in PRP8 That Suppress brr2-1. The screen for mutations in PRP8 that suppress brr2-1 was based on described procedures (11, 17) . The part of PRP8 encoding amino acids 1022-1214 was PCR-mutagenized, and the PCR product was transformed into ANK821 together with SpeI-linearized pRS313-PRP8(SacII) (11), cut within codon 1118 of the PRP8 coding region to allow gap-repair in vivo. Strains with haploviable prp8 alleles were tested for suppression of the cold sensitivity caused by brr2-1 by incubation at 16°C for up to 10 days. Altogether, 12 candidate suppressor strains were selected and tested for linkage of the suppression phenotype to the mutagenized region. The PRP8 regions encoding amino acids 1022-1214 were PCR-amplified with Tfl DNA polymerase (Epicentre Technologies, Madison, WI) and DNA isolated from the candidate suppressor strains. Linkage of the suppression phenotype to the amplified region of PRP8 was analyzed essentially as described for the initial screening. Growth at 16°C was tested for six transformants for each suppressor strain. For all 12 suppressor strains, the suppression phenotype was linked to the PCR fragment as judged by the fact that at least three of the six transformants showed clear suppression of the brr2-1 cold sensitivity at 16°C. The PCR fragments were then sequenced to identify the suppressor mutations.
Materials and Methods

Results and Discussion
Disruption of U4͞U6 RNA base pairing during spliceosome activation allows formation of an intramolecular stem-loop (ISL) structure in U6 RNA that may participate in catalysis (32, 33) . In accordance with the two-state model for the early stages of spliceosome activation (Fig. 1) , the relative stabilities of U4͞U6 vs. free U4 ϩ U6 should influence the steady-state occupancy of the bound and free states of U6 RNA. Therefore, we tested a mutation in U6 RNA that hyperstabilizes the ISL, U6-UA ( Fig.  2A) , for its effect on U4-cs1. U6-UA confers a cold-sensitive growth defect at 18°C (27) but has little or no effect on U4͞U6 complex assembly (34) . Therefore, it likely affects subsequent events, such as U4͞U6 disassembly. Consistent with the twostate model for early activation, the U6-UA mutation rescues U4-cs1 lethality at 20°C (Fig. 2 A; Table 1 ), presumably by stabilizing the free form of U6 RNA (Fig. 1) . The two-state model is supported further by the fact that mutant forms of the splicing factor Prp24 that suppress U6-UA (34) enhance U4-cs1 (11) . Thus, one way that Prp8 might regulate spliceosome activation is by modulating the stability of the U6 ISL. We therefore tested for genetic interactions between U6-UA and a representative subset of prp8-cat alleles. Intriguingly, mutation of any one of three adjacent residues at the C terminus of region e is synthetic lethal with U6-UA, whereas all 13 other region a-e mutations tested exhibit no genetic interaction (Fig. 3 and data not shown). This result indicates that the C-terminal part of region e of Prp8 influences formation and͞or stability of the U6 ISL.
We found that a cold-sensitive mutation in PRP44͞BRR2 (brr2-1) is lethal in combination with the U4-cs1 mutation at the otherwise permissive temperature of 30°C (11) . It has been ''ISL'' indicates the U6 RNA intramolecular stem-loop implicated in catalysis. Prp8 is proposed to coordinate the rearrangements catalyzed by Prp28 and Prp44͞Brr2 by repressing the activities of these factors until the spliceosome is completely assembled and properly aligned on an authentic intron.
suggested that the activity of Prp44͞Brr2 is coordinately regulated with Prp28 during splicing (4, 6, 10) . In agreement with this hypothesis, a cold-sensitive mutation in PRP28 (prp28-1) is also synthetic lethal with U4-cs1 ( Fig. 2B ; Table 1 ). Enhancement of the U4-cs1 phenotype by prp28-1 and brr2-1 is consistent with the postulated function of Prp28 and Prp44͞Brr2 in RNA rearrangements required for catalytic activation. Interestingly, the cold-sensitive growth defect caused by hyperstabilization of the U1 RNA͞5Ј splice site interaction is enhanced by prp28-1 but not by brr2-1 (4), indicating a somewhat different mechanism of arrest than for U4-cs1.
We considered the possibility that Prp8 coordinates the functioning of Prp28 and Prp44͞Brr2 by inhibiting their activity until spliceosome assembly is complete and correct. If this is the case, then at least a subset of the prp8-cat mutations may act by relieving this inhibition and thus may suppress the prp28-1 and brr2-1 mutations. To test this prediction, 14 prp8-cat mutations from regions a-e were combined with prp28-1 or brr2-1. Strikingly, allele-specific suppression for both prp28-1 and brr2-1 was observed (Fig. 4A) . The 16°C growth defect of prp28-1 is suppressed by prp8-L280P, a mutation in region a, but by no other prp8-cat mutation tested. Similarly, the brr2-1 cold sensitivity is specifically suppressed by only prp8-V1098D, from region d. These results strongly support the model that discrete domains of Prp8 control both Prp28-and Prp44͞Brr2-dependent conformational changes, and that Prp8 may thereby coordinate the activities of these helicases during spliceosome activation.
Although prp8-V1098D is able to suppress the growth defect conferred by brr2-1, a prp8-cat mutation just four residues away (D1094A) cannot. Indeed, this latter mutation seems to slightly enhance the brr2-1 growth defect, an effect observed to varying degrees for a number of prp8-cat alleles (Fig. 4A and data not  shown) . This fact raises the possibility that suppression of brr2-1 is a fortuitous property of the V1098D mutation. To see whether other mutations in the vicinity of V1098 can suppress brr2-1, we mutagenized the PRP8 region coding for amino acids 1022-1214 and selected for suppressors of the brr2-1 growth defect at 16°C. Of 10 different suppressor alleles obtained, 5 contain a single substitution sufficient for suppression (L1066P, N1067K, N1087H, V1098I, and L1107T; Fig. 4C ). Four of these substi- Fig. 2 . Genetic interactions between the U4-cs1 mutation and conditional mutations in other spliceosome components involved in catalytic activation. (A) The U6-UA mutation suppresses the cold-sensitive growth defect of U4-cs1 at 20°C. ANK641, which has U4-cs1 as the sole copy of U4 RNA, a chromosomal disruption of the gene for U6 RNA, and a copy of the gene for wild-type U6 RNA on a counterselectable URA3-marked plasmid, was transformed with plasmids bearing the genes for wild-type U6 or U6-UA RNA as indicated. With cultures of equal cell density, serial 10-fold dilutions were plated to medium containing 5-FOA to select against the plasmid encoding wild-type U6 RNA and incubated at 20°C for 7 days. (Right) A schematic of the ISL of U6 RNA. The U6-UA mutation is indicated with an arrow. (B) U4-cs1 enhances the coldsensitive growth defect of prp28-1. Plasmids with the genes coding for wildtype U4 RNA or U4-cs1 RNA were introduced into a strain (ANK281) with prp28-1, a chromosomal disruption of the gene for U4 RNA, and a copy of the gene for wild-type U4 RNA on a counterselectable URA3-marked plasmid. Shown are the resulting strains grown on medium containing 5-FOA at 30°C for 3 days. (C) U4-cs1 enhances the temperature-sensitive growth defect of prp31-1. Strains with chromosomal disruption of the gene for U4 RNA, a copy of the gene for wild-type U4 RNA on a counterselectable URA3-marked plasmid, and either PRP31 (ANK430) or prp31-1 (ANK431) at the chromosomal locus were transformed with plasmids bearing the genes for wild-type U4 or U4-cs1 RNA as indicated. With cultures of equal cell density, serial 10-fold dilutions were plated to medium containing 5-FOA to select against the gene for wild-type U4 RNA and incubated at 30°C for 3 days. (20°C for U6-UA͞U4-cs1) ; Enhance, little or no growth at 30°C (synthetic lethal). *Kuhn and Brow (11) .
† Highly allele-specific with respect to PRP8. Fig. 3 . prp8-cat mutations in three adjacent amino acids in region e enhance a mutation that hyperstabilizes the U6 ISL. Yeast strain ANK864, which has chromosomal disruptions of the genes for Prp8 and U6 RNA, a copy of the gene for U6-UA RNA, and a copy of the gene for wild-type Prp8 on a counterselectable URA3-marked plasmid, was transformed with plasmids bearing the prp8-cat alleles indicated. With cultures of equal cell density, serial 10-fold dilutions were plated to medium containing 5-FOA to select against the wild-type PRP8 plasmid and incubated at 30°C for 3 days. prp8-cat alleles with mutations in regions a-d had no effect on U6-UA.
tutions change phylogenetically invariant amino acids, and the fifth is in the same residue as the interacting prp8-cat mutation (V1098) but is a more conservative change (valine to isoleucine rather than aspartate). Together, the single mutations define a 42-aa block spanning residues 1066-1107, and all five alleles with multiple mutations contain at least one substitution within this span (data not shown). These 42 amino acids correspond to only about one-fifth of the mutagenized region of PRP8, indicating that we have identified a core element that modulates Prp44͞Brr2 helicase function. This element occupies only the N-terminal part of region d, which may therefore contain one or more additional functional domains. Indeed, the C-terminal part of region d has been implicated in binding the U1 RNAassociated protein Snp1, the yeast homologue of the human U1-70K protein (35) .
The mechanism by which Prp8 may modulate DExD͞H-box protein activity is not known. Two possibilities are (i) allosteric repression of helicase activity by direct physical interaction and (ii) masking or stabilization of the RNA substrate. In the case of Prp44͞Brr2, the hypothesized allosteric interaction could be mediated by the 42-aa region encompassing the brr2-1 suppressor mutations. However, a directed two-hybrid screen with Prp8 region d as bait, and either a yeast genomic library (11) or segments of PRP44͞BRR2 (data not shown) encoding the prey, provided no evidence for such an interaction. Recently, van Nues and Beggs (24) reported yeast-two-hybrid interactions between Prp44͞Brr2 and two regions of Prp8, the very N terminus (residues 1-263) and the C terminus (residues 2010-2412). Both regions are far in the primary structure from the 42-aa region encompassing the suppressors of brr2-1 (residues 1066-1107) and therefore may perform a distinct function. With regard to the alternative model, it is interesting to note that region a has weak sequence similarity to eIF4E (11) , which binds the 5Ј cap of mRNAs. Conceivably, region a could inhibit Prp28-catalyzed unwinding of the U1 RNA͞5Ј splice site helix by binding to the 5Ј cap of U1 RNA and blocking helicase entry or stabilizing the helix.
The prp8-cat mutations that do not interact genetically with prp28-1, brr2-1, or U6-UA may well be involved in additional aspects of spliceosome activation. This interpretation implies a remarkably high density of functional domains in Prp8, consistent with its high degree of sequence conservation. Additional genetic interaction studies are expected to reveal new functions of Prp8. As shown by the results presented here, mutant factors that enhance or suppress U4-cs1 are prime candidates for analysis of allele-specific interactions with prp8-cat mutants. Intriguingly, mutations in human Prp8, Prp31, and Prp3 have recently been found to cause an autosomal dominant form of retinitis pigmentosa (RP) (36) (37) (38) , a disease that results in progressive degeneration of the retina. The Prp8 RP mutations are in the C-terminal 35 amino acids and do not colocalize in the sequence alignment with any prp8-cat mutations. However, we find that a conditional allele of the yeast PRP31 gene, prp31-1 (39) , is synthetic lethal with U4-cs1 ( Fig. 2C; Table 1 ), consistent with a positive function of wild-type Prp31 in spliceosome activation (39, 40) . Therefore, the RP mutations may inhibit spliceosome activation and are good candidates for suppression by a subset of prp8-cat mutations.
